Polyglutamine (polyQ) repeat expansion in the deubiquitinase ataxin-3 causes neurodegeneration in Spinocerebellar Ataxia Type 3 (SCA3), one of nine inherited, incurable diseases caused by similar mutations. Ataxin-3's degradation is inhibited by its binding to the proteasome shuttle Rad23 through ubiquitin-binding site 2 (UbS2). Disrupting this interaction decreases levels of ataxin-3. Since reducing levels of polyQ proteins can decrease their toxicity, we tested whether genetically modulating the ataxin-3-Rad23 interaction regulates its toxicity in Drosophila. We found that exogenous Rad23 increases the toxicity of pathogenic ataxin-3, coincident with increased levels of the disease protein. Conversely, reducing Rad23 levels alleviates toxicity in this SCA3 model. Unexpectedly, pathogenic ataxin-3 with a mutated Rad23-binding site at UbS2, despite being present at markedly lower levels, proved to be more pathogenic than a disease-causing counterpart with intact UbS2. Additional studies established that the increased toxicity upon mutating UbS2 stems from disrupting the autoprotective role that pathogenic ataxin-3 has against itself, which depends on the co-chaperone, DnaJ-1. Our data reveal a previously unrecognized balance between pathogenic and potentially therapeutic properties of the ataxin-3-Rad23 interaction; they highlight this interaction as critical for the toxicity of the SCA3 protein, and emphasize the importance of considering protein context when pursuing suppressive avenues.
Introduction
Polyglutamine (polyQ)-dependent diseases comprise a class of neurodegenerative disorders characterized by abnormal CAG nucleotide repeat expansions in the disease gene (1) . These repeats translate into an abnormally long polyQ tract, resulting in subsequent misfolding and aggregation of the disease protein in neurons and, ultimately, neuronal dysfunction and death. Among these disorders, Spinocerebellar Ataxia Type 3 (SCA3, or Machado-Joseph Disease), is the most common dominantly inherited ataxia in the world (1, 2) . Onset occurs in mid to late life, with degeneration observed in cerebellar pathways and nuclei, dentate nuclei, pontine nuclei, and basal ganglia. Symptoms include ataxia, dysarthria, dystonia, ophthalmoplegia, spasticity, and neuropathy (2) . There is no cure for SCA3.
SCA3 is caused by expansion of a CAG tract in ATXN3 from 22-42 repeats to a disease range of 52-84, leading to the translation of a pathogenic form of the ataxin-3 protein with expanded polyQ (1) (2) (3) . Ataxin-3, a deubiquitinating enzyme, edits ubiquitin chains on substrates (4, 5) ; it has been reported to function in protein quality control and transcriptional regulation (2, (5) (6) (7) (8) , and is neuroprotective in Drosophila melanogaster, where it suppresses degeneration from various polyQ proteins (9) (10) (11) (12) . Ataxin-3 also protects against various stressors in mammalian cell culture (7, (13) (14) (15) .
The N-terminal catalytic domain of ataxin-3 contains two ubiquitin-binding sites that can bind mono-ubiquitin (16, 17) . Ubiquitin-binding site 2 (UbS2) also binds to the proteasomal shuttle proteins, Rad23/hHR23A and B (16) (17) (18) (19) . According to our earlier published work, proteasomal degradation of ataxin-3 is regulated by the direct interaction between UbS2 and Rad23 (20) . When Rad23 is bound to UbS2, ataxin-3 is protected from degradation ( Fig. 1A ). Disrupting this interaction decreases the steady state levels of ataxin-3 in the cell. While this previous work showcased the importance of the ataxin-3-Rad23 interaction for the SCA3 protein's turnover, it did not directly test whether this interaction is critical for ataxin-3-dependent toxicity. In other words, does UbS2 of ataxin-3 directly modulate SCA3 pathogenicity? More importantly, should UbS2 be targeted to protect against SCA3, since it regulates overall cellular levels of ataxin-3?
Here, we show that disrupting UbS2 of disease-causing ataxin-3 decreases the levels of the pathogenic ataxin-3 protein, but greatly enhances its toxicity in vivo. Further investigations indicate that this increase in toxicity is due to a reduction in ataxin-3's neuroprotective function against itself, which is mediated by the UbS2-Rad23 interaction and depends on the chaperone partner, DnaJ-1. Our data demonstrate a critical role for the interaction of ataxin-3 with Rad23 in the regulation of this polyQ protein's abundance, function, and pathogenicity.
Results

Modulating levels of Rad23 influences ataxin-3's toxicity in Drosophila
To examine the function of the interaction between UbS2 of ataxin-3 and Rad23, we used a transgenic fly model of SCA3 that we recently generated by using the phiC31-targeted integration system (21) . The phiC31 system yields a similar expression of transgenes among different fly lines, due to site-specific integration (22) , in our case into attP2 on the third chromosome of the fly. This method allows for direct comparisons among the different transgenic lines we generated (Fig. 1B ). Our Drosophila model of SCA3 expresses untagged, full-length, human pathogenic ataxin-3 under the control of the Gal4/UAS system. We also generated a control line that contains the empty host vector inserted into attP2 (23) and another line that expresses wildtype, human ataxin-3, inserted at a different site than attP2 (10) .
When pathogenic ataxin-3 (ataxin-3(SCA3)) is expressed throughout the fly, it leads to some lethality at late pharate adult stages and during eclosion from the pupal case (Fig. 1C) . Those flies that mature into adulthood only live up to 30 days, as opposed to the control flies that live up to 100 days (Fig. 1D) .
Previously, we reported that reducing the levels of endogenous Rad23 through RNAi by approximately 50%, as determined through qRT-PCR, or by removing one copy of its gene decreased ataxin-3 protein levels and noticeably improved degeneration in Drosophila eyes expressing pathogenic ataxin-3 with an intact UbS2 (20; other supporting data not shown). We recapitulated this effect by reducing endogenous Rad23 levels in all the tissues of the fly through RNAi. We observed improved adult longevity compared to sibling SCA3 flies without Rad23 knockdown (Fig. 1E) . Based on our earlier work with various Gal4 drivers and different polyQ and non-polyQ constructs (10, 12, 20, 23, 24) , improved longevity from pathogenic ataxin-3 when Rad23 is knocked down through UAS-RNAi is not due to a dilution effect of the Gal4 driver co-expressing ataxin-3 and the knockdown construct.
Conversely to Rad23 knockdown, exogenous Rad23 noticeably increases ataxin-3(SCA3) protein levels ( Fig. 1F and Supplementary Material, Fig. S1 ). This increase in protein levels coincides with higher lethality (Fig. 1C) . Almost all of the SCA3 flies that co-express Rad23 die as pharate adults, before they eclose from the pupal case. Very few adult flies co-expressing Rad23 and ataxin-3(SCA3) eclose successfully (Fig. 1C) . Those flies that survive to adulthood exhibit reduced longevity compared to the SCA3 flies that are not expressing exogenous Rad23 (Fig. 1G) .
Flies expressing exogenous Rad23 or expressing RNAi targeting Rad23 in the absence of ataxin-3 were kept as healthy stocks for over a year without clear signs of reduced fecundity or of toxicity ( Fig. 1E and data not shown). These collective data from the perturbation of Rad23 levels support the idea that this proteasome-associated protein regulates pathogenic ataxin-3 levels and subsequent toxicity. These results led us to next investigate if disturbing the binding site of this protein on ataxin-3 is beneficial in vivo.
Mutating UbS2 reduces ataxin-3 protein levels, but greatly enhances its toxicity Based on the results from our experiments with altered Rad23 levels, we hypothesized that reducing binding of UbS2 to Rad23 would lower ataxin-3(SCA3) protein levels and subsequently alleviate its toxicity. We generated additional transgenic flies that express ataxin-3(SCA3) with a mutation in UbS2 that was previously shown by us and others to impair Rad23 binding (16, 17, 20) , in this case by approximately 50 percent (20) . This mutation (referred to as UbS2* Mild ) replaces a critical tryptophan residue on UbS2 with an alanine. It does not alter ataxin-3's cellular distribution, or the overall structure of the isolated catalytic domain; it does not negate the ability of the full-length protein to become ubiquitinated and catalytically activated; it does not abrogate the catalytic activity of full-length ataxin-3 ( (6, 17, 20) and data not shown); and, in the context of ataxin-3 with a normal polyQ repeat, this mutation does not impact fly longevity (Supplementary Material, Fig. S2 ). This mutation also does not perturb the ability of ataxin-3 to bind another of its partners, VCP/p97 (Supplementary Material, Fig. S3 ). Together, these findings led us to conclude that the conformation of the overall catalytic domain of ataxin-3 is not detrimentally impacted by the UbS2* Mild mutation.
Surprisingly, we found that expression of UbS2* Mild throughout the fly causes lethality at early pupal stages ( Fig. 2A) .
Western blots from larval lysates demonstrated that mutating UbS2 reduces ataxin-3(SCA3) protein levels ( Fig. 2B ), confirming our earlier data that UbS2 is critical for ataxin-3 protein levels. Nevertheless, the lethality phenotype is markedly worse than what we observe in the flies expressing ataxin-3(SCA3) with was driven by the sqh-Gal4 driver. Means 6 SD. Asterisks: P < 0.05 from Student's t-tests compared to line 1. Lines 1, 2, and A, B are from different founders, which had similar phenotypic outcomes and were combined in later studies. (C) qRT-PCR data from one day old flies pan-neuronally expressing pathogenic ataxin-3 with or without a mild UbS2 mutation. Endogenous control: rp49. Means 6 SD. N.S: non statistically significant. (D) Western blots from adult flies pan-neuronally expressing pathogenic ataxin-3 with or without a UbS2 mutation. Means 6 SD. Asterisks: P < 0.05 from Student's t-tests compared to line 1. Lines 1, 2, and A, B are from different founders, which had similar phenotypic outcomes and were combined in later studies. (E) Longevity of flies pan-neuronally expressing pathogenic ataxin-3 with or without a mild UbS2 mutation. (F) Results from negative geotaxis motility assays, which were repeated at least three times, totaling at least 100 flies per genotype.
Means 6 SD. Asterisks: P < 0.05 from Student's t-tests compared to Ctrl (black) or Intact (red) for each time point. Ctrl: empty vector inserted into site attP2. Expression of constructs in (C)-(F) was driven by the elav-Gal4 driver.
UbS2 intact, which reach pharate adult and adult stages ( Fig. 2A ).
Since these results failed to support our above hypothesis, we pan-neuronally expressed the ataxin-3(SCA3) constructs to more thoroughly characterize the phenotype. Western blotting revealed that mutating UbS2 leads to lower ataxin-3(SCA3) protein levels, similar to what was observed with ubiquitous expression in larvae (Fig. 2D ). qRT-PCR indicates that this is not due to differences at the mRNA level (Fig. 2C ). To examine if mutating UbS2 alters the aggregation propensity of ataxin-3(SCA3) before the onset of pathology, we performed differential centrifugation of one-day-old flies pan-neuronally expressing ataxin-3(SCA3)-Intact or UbS2* Mild . We did not observe a notice- greater impairment in longevity and motility than ataxin-3(SCA3)-Intact, supporting our results from ubiquitous expression of these two proteins ( Fig. 2A) . Drosophila eyes are a popular tool for investigating neurodegenerative diseases, as degeneration can be reliably visualized at the external level or internally through histological sectioning. Using the GMR-Gal4 driver, we drove the expression of pathogenic ataxin-3 transgenes in Drosophila eyes to characterize the subsequent degeneration. Once again, we witnessed a significant reduction in ataxin-3 protein in dissected fly heads expressing UbS2* Mild , as compared to ones expressing the intact variant (Fig. 3A) . Expressing ataxin-3(SCA3)-Intact in fly eyes leads to a slight depigmentation of the retina, which is visible by day 14 and increases with age (Fig. 3B) . On day 14, the dark, central pseudo-pupil is also lost, signifying a compromise of the underlying photoreceptor cells. In the fly eyes expressing UbS2* Mild , depigmentation and loss of the pseudo-pupil is observed as early as day 7 and progresses more markedly than with ataxin-3(SCA3)-Intact (Fig. 3B ).
Next, we performed histology to obtain a more detailed look at the structure of the internal eye. A healthy Drosophila eye is characterized by an organized ommatidial array with distinct boundaries between the ommatidia, the functional unit of the eye. With ataxin-3(SCA3)-Intact, a slight disruption of the ommatidial array is visible at day 7 (Fig. 3C) . By day 14, darkly staining structures, which were shown previously to contain the pathogenic ataxin-3 protein (9) on cellular context and type of tissue. These results led us to next probe how disrupting the interaction between ataxin-3(SCA3) and Rad23 increases the pathogenicity of the ataxin-3(SCA3) protein.
Mutating UbS2 increases ataxin-3 toxicity by compromising its autoprotective function
Wild-type ataxin-3 is protective in Drosophila models of polyQ diseases (9) (10) (11) (12) . These findings were supported by studies in mammalian cell culture where ataxin-3 also protects against various stressors (7, (13) (14) (15) . Work published by the Bonini lab (9) and ours (12) showed that wild-type ataxin-3 requires both its catalytic activity and its binding to Rad23 to protect against polyQ-dependent toxicity in Drosophila. Collectively, these earlier results from flies presented the possibility that pathogenic ataxin-3 retains the protective function against itself (Fig. 4A summarizes the model). We posited that when we mutate UbS2 to reduce Rad23 binding, we also compromise ataxin-3's autoprotective function. Without its autoprotection, the UbS2* Mild protein is more toxic than ataxin-3(SCA3)-Intact, even though there is less protein present ( Fig. 4A ; also see Fig. 7 ).
To first test whether mutating UbS2 impairs the protective function of ataxin-3(SCA3), we co-expressed a polyQ peptide with 78 glutamine repeats (polyQ 78 ) alongside full-length, pathogenic ataxin-3 transgenes in Drosophila eyes. PolyQ 78 is the isolated C terminus of the ataxin-3 protein without UIMs or the N terminus (25) . Fly eyes expressing two copies of polyQ 78 exhibit severe depigmentation of the retina (Fig. 4B) (Fig. 1B) . To render ataxin-3(SCA3) catalytically inactive, we mutated the critical cysteine in its protease domain to an alanine, which compromises the protein's ability to protect against polyQ toxicity (4, 6, 10, 26) . These transgenic lines would help us to determine if mutating UbS2 mitigates ataxin-3-dependent toxicity when its autoprotective role is no longer a factor.
When these catalytically inactive transgenes are panneuronally expressed in Drosophila, the C14A-UbS2* Mild mutation reduces ataxin-3 protein levels, independently of transcriptional levels ( Fig. 4C and D) . The protein levels of catalytically inactive ataxin-3(SCA3) are also significantly lower than catalytically active ataxin-3(SCA3), indicating that ataxin-3's catalytic activity regulates its steady state levels in vivo. Importantly, flies expressing C14A-UbS2* Mild exhibit improved adult longevity compared to the flies with C14A-Intact (Fig. 4E) . Motility is also significantly improved in C14A-UbS2* Mild flies on day 7 (Fig. 4F) .
Overall, these results indicate that reducing ataxin-3 protein levels can indeed decrease the toxicity of pathogenic ataxin-3, as long as its protective function is not a factor. We conclude that UbS2* Mild increased the toxicity of ataxin-3(SCA3) in our earlier experiments because the mutation impaired its autoprotective function.
Strong disruption of pathogenic ataxin-3's UbS2 is less toxic than mild disruption Fig. 1B) . In vitro binding assays indicate that UbS2* Strong greatly reduces binding to Rad23 (Fig. 5A ).
When we express pathogenic ataxin-3 with the UbS2* Strong mutation in HeLa cells, we notice a reduction in ataxin-3(SCA3) levels more profound than with UbS2* Mild (Fig. 5B) . The turnover rate of UbS2*Strong is also higher than that of UbS2*Mild (Fig. 5C ).
We generated additional fly lines that express pathogenic ataxin-3 with the UbS2* Strong mutation. Ubiquitous expression of UbS2* Strong elicits developmental lethality primarily in the mid pupal stage, which represents a slight improvement from what was seen earlier with the UbS2*Mild flies (Fig. 5D ). Western blotting of larvae expressing UbS2* Strong reveals that ataxin-3 protein levels are reduced by approximately 90% (Fig.  5E ). qRT-PCR indicates that the decrease in the UbS2* Strong version is not due to transcriptional changes (Fig. 5F ). We continued our analyses of the SCA3 phenotype by panneuronally expressing UbS2* Strong . When expressed in neurons, the protein levels of this version of ataxin-3 are also markedly lower than those of the intact counterpart (data not shown), similar to what was observed with ubiquitous expression in larval lysates (Fig. 5E ). These adults live longer and perform better in the motility assay than the flies expressing UbS2*Mild ( Fig. 5G and H). Still, in general they do not perform as well as flies expressing ataxin-3(SCA3)-Intact. Collectively, these data further support the role of UbS2 in the pathogenicity of ataxin-3, and stress the importance of this site on both the toxicity and protein levels of the SCA3 protein.
DnaJ-1 suppresses toxicity from ataxin-3(SCA3) with mutated UbS2
Previously, we reported that wild-type ataxin-3 (denoted here as ataxin-3(WT)) suppresses polyQ toxicity in Drosophila by binding Rad23 and leading to an increase in endogenous DnaJ-1 at mRNA and protein levels (12) . A version of ataxin-3 with the UbS2* Mild mutation did not have the same effect on DnaJ-1 (12).
DnaJ-1 is a member of the J/HSP40 family of co-chaperone proteins that maintain the substrate specificity and stimulate the ATPase activity of HSP70 chaperones (27, 28) . Since our data are consistent with the idea that ataxin-3(SCA3) with mutated UbS2 is more pathogenic due to impaired autoprotection, we tested whether DnaJ-1 can suppress this toxicity. When we co-express DnaJ-1 with UbS2* Mild in fly eyes, we observe great improvement in the internal retinal structure: the boundaries and the organization of the ommatidia are restored (Fig. 6A) . External photos of DnaJ-1 eyes display the re-appearance of the pseudo-pupil, consistent with a healthy underlying structure (Fig. 6A) . Pan-neuronal expression of DnaJ-1 alongside UbS2* Mild also improves adult longevity and motility ( Fig. 6B and C) . Moreover, exogenous DnaJ-1 reduces the rate of developmental lethality in UbS2* Mild flies when the toxic protein is expressed everywhere (Fig. 6D) . Instead of dying in the early pupal stage, these flies exhibit late pupal and pharate adult lethality. A small number of adults even successfully eclose and survive for two or three days. Importantly, RNAi-dependent knockdown of DnaJ-1 causes the UbS2* Mild flies to die much earlier (Fig. 6D) .
Lastly, we examined the protective role of ataxin-3(WT) against its pathogenic variant with UbS2 mutated. As summarized in Fig. 6D , expression of non-pathogenic ataxin-3 has a suppressive effect towards UbS2* Mild that closely mirrors the protective effect of exogenous DnaJ-1. Ataxin-3(WT) delays lethality from pathogenic ataxin-3 with a mutated Rad23-binding site from early pupal to late pupal and pharate adult stages. A handful of adults eclose and survive for a few days. Altogether, the results in Fig. 6 lend additional support to the hypothesis that pathogenic ataxin-3 with mutated UbS2 is more toxic due to a perturbation of its autoprotective role. Wild-type ataxin-3 has a protective effect against various polyQ proteins in Drosophila (9) (10) (11) (12) . This role of ataxin-3 in the fly depends on its catalytic activity, on an intact UbS2, and on the presence of Rad23 (9, 12) . According to those findings, ataxin-3, in a manner dependent on Rad23, leads to an increase in the transcription of DnaJ-1 and a subsequent rise in its protein levels. This co-chaperone then functions with inducible heat shock proteins to reduce the aggregation and toxicity of polyQ species in flies. The data in Fig. 6 , together with the results from prior figures where we perturbed Rad23 levels, mutated UbS2 of ataxin-3, and incapacitated the DUB activity of pathogenic ataxin-3, collectively indicate a similar mechanism at work on autoprotection from pathogenic ataxin-3.
Discussion
Our prior work showed a critical role for the SCA3 protein interaction with the proteasome-associated protein, Rad23 in the UbS2 mutation. Means 6 SD. Asterisks: P < 0.05 from Student's t-tests compared to Intact (red) or UbS2* Mild (purple). N ¼ 10, totaling at least 100 flies per genotype.
proteasomal turnover of ataxin-3 (20) . Whether the site of this interaction was directly important for the toxicity of the SCA3 protein, or if targeting this interaction could be beneficial against SCA3, was unclear. We found that mutating UbS2 on ataxin-3 to disrupt this interaction substantially reduces steady state levels of the SCA3 protein in vivo, but greatly enhances its toxicity. According to our work, ataxin-3's binding to Rad23 regulates this polyQ protein's levels, autoprotective function, and, consequently, its pathogenicity. The data presented here showcase a previously unreported role for the interaction between the SCA3 protein and Rad23 as a regulator of ataxin-3's own pathogenicity in an intact, model organism (Fig. 7) . Our results bring together a new understanding of the role of ataxin-3's domains and its interactions with partners in its toxicity. They also highlight the importance of protein context in the biology of this polyQ disease, and the need to carefully consider it when devising strategies for suppressive avenues. Ataxin-3 can also bind ubiquitin through UbS2 (16, 17) . One might surmise that binding of ubiquitin, or other similar proteins, could potentially impact ataxin-3 levels and toxicity through their interaction with UbS2. In earlier work, we found that knockdown of ubiquitin-like proteins did not impact ataxin-3 levels in Drosophila (20) . Our genetic manipulations of Rad23 levels in this study and in other, previously published work (20) make a strong case for a specific and significant role from the binding of ataxin-3 to Rad23 in the toxicity and levels of the SCA3 protein.
Ataxin-3's interaction with Rad23 might have a cellular role by assisting with the degradation of select poly-ubiquitinated substrates destined for the proteasome (29, 30) . Binding of ataxin-3 to Rad23 hinders the degradation of the SCA3 protein (20) . This interaction between Rad23 and ataxin-3, however, need not impact the ability of these two ubiquitin-binding proteins to deliver cargo to the degradative machinery, which depends on the transfer of poly-ubiquitinated substrates from shuttles to the 19S component of the proteasome (31) .
Our findings raise the question why we observe decreased ataxin-3-dependent toxicity when we reduce Rad23 levels through RNAi, but not when we mutate UbS2 to reduce Rad23 binding to ataxin-3. Rad23 knockdown reduces its levels and thus ataxin-3 protein levels as a result of its increased degradation ( Fig. 1A; 20) , but the remaining Rad23 and ataxin-3 proteins can still interact since UbS2 is intact. In this scenario, ataxin-3 is likely less toxic because some of the pathogenic protein is eliminated, but the remaining SCA3 protein can still bind Rad23 and exert its unperturbed autoprotective role. When we mutate UbS2, we reduce the protective ability of all of the ataxin-3 protein present as a result of compromised binding to Rad23 (Fig. 7) . Ataxin-3 with mutated UbS2 is unable to elevate expression of the co-chaperone DnaJ-1 (12) . Thus, it is not surprising that when we increase the levels of DnaJ-1, we observe a reduction in the pathogenicity of ataxin-3 with mutated UbS2.
Various studies have reported that reducing levels of disease proteins improves the pathology in SCA3 and other polyQ disorders (32) (33) (34) (35) (36) (37) (38) (39) . Our work demonstrates that the means by which pathogenic protein levels are reduced can influence its toxicity. Since UbS2 is important for both ataxin-3's protein levels and autoprotective function, genetically mutating this site to prevent Rad23 binding proved inadequate for simultaneously reducing ataxin-3 levels and its toxicity. Thus, pathogenic protein levels cannot be reduced indiscriminately; the functionality of the protein binding domains and its interactions must be considered before targeting it therapeutically. Our results show that mutating UbS2 exacerbates, rather than alleviates, ataxin-3-dependent toxicity in Drosophila. The question remains whether UbS2 could be a potential therapeutic target for SCA3 in mammalian systems. The toxicity from mutating UbS2 in flies results from disruption of ataxin-3's protective role. While a protective role for ataxin-3 in flies and mammalian cells is clear (7, (9) (10) (11) (12) (13) (14) (15) , there is conflicting evidence for a similar role for ataxin-3 in mice. In one study, SCA3 transgenic mice that were heterozygous for pathogenic ataxin-3 and possessed one copy of wild-type ataxin-3 exhibited a milder phenotype than mice expressing pathogenic ataxin-3 alone (40). Alternatively, co-expression of wild-type ataxin-3 in a different SCA3 mouse model did not ameliorate the phenotype (41) . Yet another study reported that complete loss of endogenous, wildtype ataxin-3 in a mouse model of Huntington's disease exacerbated a motor phenotype, but it did not affect other aspects of the pathology (42) . If ataxin-3 does not play a significant protective role in intact mammals, mutating UbS2 in situ could be a potential therapeutic approach for SCA3, as this should reduce ataxin-3 protein levels without causing much additional toxicity. Since ataxin-3's neuroprotective role in mammals remains to be fully clarified, our work suggests that the ideal approach for SCA3 therapy should aim to reduce ataxin-3 levels while leaving its autoprotection intact.
In conclusion, the interaction of ataxin-3 with Rad23 through the UbS2 domain appears to serve dual roles on the SCA3 protein by regulating its levels and inherent toxicity. Our findings provide novel clues towards the understanding of the biology of disease in SCA3, and caution against arbitrarily reducing the levels of a toxic protein for the purposes of therapy.
Materials and Methods
Antibodies
Rabbit, polyclonal anti-ataxin-3 (1:15,000; 43); mouse, monoclonal anti-ataxin-3 (clone 1H9; 1:500-1:1,000; Millipore); mouse, monoclonal anti-tubulin (clone T5168; 1:10,000; Sigma-Aldrich); rabbit, monoclonal anti-HIS (1:1,000; Cell Signaling); mouse, monoclonal anti-GAPDH (clone MAB374, 1:500; Millipore); peroxidase-conjugated secondary antibodies (goat anti-rabbit and goat anti-mouse, 1:5,000; Jackson Immunoresearch).
Drosophila lines
Husbandry was conducted at 25 C and 40%-60% humidity in a regulated diurnal environment. SCA3 flies were generated by However, mutating this site compromises ataxin-3's protection against itself, thus increasing its toxicity.
using ataxin-3 with a polyglutamine repeat of 77-80 residues cloned into the pWalium10-moe vector (Perrimon lab). Mutations were generated on the ataxin-3 backbone using the QuikChange mutagenesis kit (Agilent). Rad23-overexpressing flies were generated by using HIS 6 -tagged Drosophila Rad23 cloned into the pWalium10-moe vector. Injections (Duke University Model Systems) were into y, w; þ; attP2. Stocks from Bloomington: isogenic host strain for attP2 (#36303), DnaJ-1 RNAi (#32899), UAS-DnaJ-1 (#30553), and UAS-polyQ 78 (#8141).
Rad23 RNAi (#30498) and its isogenic line (#60000) were from the Vienna RNAi Center.
Longevity assay
Upon eclosion, male and female adults were collected and aged in conventional cornmeal fly media at 25 C. The total number of flies per vial was limited to 20. Flies were transferred to new vials every 2-3 days, until all dead. Longevity comparisons were restricted to fly lines in the same genetic background, since flies from different backgrounds can have different lifespans (44, 45) .
Negative geotaxis/motility assay
Approximately 10 adult flies per vial were forced to the bottom by tapping twice in rapid succession on the bench. The number of flies that reached the top at 15 and 30 s was recorded. The assay was conducted once a week for 4 weeks. Flies were transferred to new vials every 2-3 days, including a transfer 1 h before the assay was conducted. Both males and females were used.
Histology
Wings and proboscises were removed from male, adult flies and bodies were fixed overnight in 2% glutaraldehyde/2% paraformaldehyde in Tris-buffered saline with 0.1% Triton X-100. Fixed adults were then dehydrated in a series of 30, 50, 75, and 100% ethanol/propylene oxide. Dehydrated flies were embedded in Poly/Bed812 (Polysciences) and sectioned at 5 mm. Sections were stained with toluidine blue.
Western blotting
Three to five whole flies, ten dissected fly heads, or 10 larvae per group were homogenized in hot lysis buffer (50 mM Tris pH 6.8, 2% SDS, 10% glycerol, 100mM dithiothreitol), sonicated, boiled for 10 min, and centrifuged at top speed at room temperature for 10 min. Western blots were developed and quantified using a CCD-equipped VersaDoc 5000MP system and Quantity One software (Bio-Rad).
Quantitative RT-PCR
Total RNA was extracted from larvae or adult flies using TRIzol (Life Technologies). Extracted RNA was treated with TURBO DNAse (Ambion) to eliminate contaminating DNA. Reverse transcription was carried out with the high-capacity cDNA reverse transcription kit (ABI). Messenger RNA levels were quantified by using the StepOnePlus Real-Time PCR System with Fast SYBR Green Master Mix (ABI). rp49 was used as an internal control. Primers: 
Cell lines, plasmids, transfection & chemicals
HeLa cells were from ATCC and grown in DMEM with 10% FBS and 5% Penicillin-Streptomycin under conventional conditions. Cells were transfected using Lipofectamine LTX (Invitrogen) as directed by the manufacturer. Ataxin-3 constructs were in pcDNA3.1-HA. Mutations were generated on the wild-type ataxin-3 backbone. Twenty-four hours after transfection, cells were harvested in boiling SDS lysis buffer. Cycloheximide (A.G. Scientific) dissolved in ultra-pure water, was used at 50 mg/ml.
Supplementary Material
Supplementary Material is available at HMG online.
